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ELASTICBUCKLINGUNDER COMBINEDSTRESSESOF FL&C PLATES

- ~ WAFFLE-LIKESTUWT3WNG

By Norris F. Dow, L. Ross Leti, and John L. !l?routmn

Theory and experiment were compared and found h god agreement for
the elastic buckling under cotitied stresses of long flat plates with
integralwaffle-like stiffening in a variety of configurations. For the
buckling of such flat plates, 45° waffle stiffening was found to be the
most effective of the cotiigurations for the proportions considered over
the widest range of conibinationsof compression and shear.

INTRODUCTION

“The advantages cl=dmed for integal construction,” reference 1
states, “are potential increase of structural efficiency, reduced assem-
bly time, and the maintenance of a smooth outer surface.” Despite the
pessimism of reference 1 concerning the cost of the machinery andpl.ant
facilities for the production of integrally stiffened constnction, these
facilities are becoming available both in this country (ref. 2) and
abroad (ref. 3), and research effort continues to be directed toward the
achievement of what reference 1 calls “the spectacukr as regards struc-
tural.efficiency.”

In reference 4, the use of relatively shallow integral waffle-ldke
stiffening was shown experimentally to prcduce stistantial increases in
the elastic longitudinal compressive buck.1.hgstresses of long flat plates,
particularly when two-way ribbing ticlined at -45° + 45° to the sides of
the pkte was used. No attempt was made in reference 4 to correlate the
experimental results with theoretical predictions because no theory was
then available for the calculation of the characteristics of titegral
waffle-like stiffening. Such a theory has now become available (ref. 5)
and the purpose of the present paper is first to show that this theory,
together with available theories for the elastic buckling of orthotropic
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flat plates, is adequate to predict the results of reference 4 and addi-
tional expertieqtal results reported herein for elastic buckling under
combined stresses, and second to SW=Y the re~tive effectiveness of
vsrious stiffening configurations as shown by the theories.

No claim is advanced regsrding the spectacularity of these results,
but as even the author of reference 1 finally concludes, and the discus-
sion of his paper (ref. 6) emphasizes, “There iS m doubtj how==j
that . . . (integrally stiffened) . . . material is well worth while smd
could be used to advantage in a wide range of applications.”
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SYMEQLS

height of rib (web), in.

longitudinal bending stiffness, in.-kips

transverse bending stiffness, in.-kips

longitudinal or transverse twisting stiffness, in.-kips

Young’s modulus, taken as 10.~ x 103 ksi for 355461 aluminum
alloy

overaU thiclmess, skin plus ribs, in.

coefficient in plate-buckd3ng formula for compression

coefficient in plate-buckling formula for shear

length of plate, in.

longitudinal compressive loading, kips/ti.

shear 1o-, kips/in.

thickness of equal-weight solid plate, in.

sldn thickness, in.

plate width, in.

shear strain
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compressive strain

angle of skewof ribbing, deg

Poisson’s ratio, taken as 0.32 for 355-T61

Poisson’s ratio associated with bending

compressive stress, ksi

compressive yield stress, ksi

shear stress, ksi

TEST SPECIMENS AND PROCEDURE

The test specimens used for this investigation

3

aluminum alloy

included those of
reference 4 and-an additional series simUar to those of reference 4
but having minor variations for testing under ccmkdned stresses. AU
these specimens were square tubes approximately 10 inches wide by
45 inches longmde up of four titegrally stiffened fla.tplates fabri-
cated as sand castings of 355 aluminum alloy which had been heat-treated
and aged accorMwg to recommended procedures (ref. 7 or 8) to produce
the T& condition. The castings were machined to the desired thicknesses
amd riveted together using corner angles of 24S-T4 aluminum alloy and
3/32-inch4iameterA17S-Tb aluminum-allo yrivetsat approximately
l/2-inch pitch with the ribbing on the outside on all four sides of the
tube. The corner angles were 1/16 x 1/2 x 1/2 for the compression speci~
mens and 1/16 x 3/4 x 3/4 for au other specimens. For the latter, two
rows of rivets were used along each angle leg, and, in addition, the
singleswere cemented to the castings with flralditecement in order to
carry the Shear stresses around the corners of the tubes. Nine configu-
rations of integral stiffening were used (see fig. 1), namely longi-
tudinal ribbing, two-way ribbing at -15° + 15°, -300 + 30°) -45° + 45°,
-600 + 600, and -750+ 75° to the longitudinal axis of the specimen,
transverse ribbing, longituMnal and transverse ribbing, and combined
-30°+ 30° skewed andtranmerse ribbing. On all specimens the nominal
rib cross-sectional &Mensions were the same (see fig. 2). The rib
spacimg, measured as the perpendicular distance between parallel ribs,
was 1/2 inch on the longitudinal y or transversely stiffened plates,
and 1 inch on all the others except the -30° + 30° + 900 ribbing for

which a 1~-inch spacing was used. These spacings were such as to keep

the ribbing material approximately eqyal in weight to sheet O.@O inch
thick. Also on all specimens, except in the series of tests of plates
with -45° + 45° ribbing in which the skin thiclmess was varied, the
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nominal skin thickness ~ was O.@O inch. For the series in which ~

was vsxied, nominal.skin thiclmesses of 0.025, O.@O, 0.075, sad 0.100 inch
were used.

The compression spechens were tested flat-ended in the l,200,C00-pound-
capacity testing machine. All other specimens were tested with their ends
bolted solidlyto end fixtures, which reduced the unsupported test length
by approximately 5 inches, in the combined load testing machine of the
L~ley structures research Mboratory (see fig. 3). Buckling was detected
by buckle-bars” rest~ against the sides of the tubes, as was done in .
reference 4.

By preelection of the combinations of longitudinal compression ad
shear applied, every effort was made to keep the buckling stresses within
the elastic range. For some stiffening configurations,plastic buckling
(as will be discussed in a stisequent section) was not completely avoided,
in lsrge measure because the materisl properties achieved were substan-
tially below the handbook values for 355-??61 (see ref. 7 or 8). Compres-
sion and shear stress-strain curves measured for samples of the specimen
material are presented in figure k; the measured value of compressive

.-

yield stress was 0~28ksi comparedto the typical value to be expected
of 37 ksi.

Dimensions of specimens snd test data are given in table 1.

TmmETIcAL ANALYSIS

Elastic longitudinal compressive bucklinn loads for the test speci-
mens were calculated from the formula of reference 9

, (1)

where

Nx

w

D1)D2

vyYq
1

longitudinal compressive loading, kips/in.

plate width, in.

elastic constants for the proportions and nominal dimensions
of the test specim@ns as given by the formulas of reference 5 1
(experimentallymeasured values of the coefficients u
and ~ of those formulas were used)

*

—. — .-— . - __—___ _



“ mm m 3059

kc compressive
reference

5

buckling coefficient, determined in the man6er of
9 from a curve (such as that of figure l(b) of

ref. 10) of compressive buckling coefficient–agai&- plate
aspect ratio for an isotropic flat plate having loaded edges

fixed and unloaded edges simply supported.
(
It iS shown in

ref. 9
if the

ratio”

Elastic shear

that such a curve may be used for orthotropic plates
aspect ratio is calculated as an “effective aspect

buckling loads for the test specimens were calculated
from the formula of reference U

‘xY=#k~~j “ (2)

where

NXy shear loading, kips/in.

ks shesr buckling coefficient, determined from curves of shear
buckling coefficient plotted against the inverse of the
“effective aspect ratio” as defined for compression. Such
curves, similar to those of reference U. but for short edges
clamped and long edges simply sup~rted, me presented in
figure 5.

Reductions in calculated buckling loads to aUow for plasticity
were made as fo120ws:

(1) An “effective” or “equivalent” stress-strain curve was derived
from the material stress-strain curve such that the ratio of ordinates
of the derived and material curves at the same strain was the same as
the ratio of axial stiffness of unit-width integdly stiffened plate to
axial stiffness of unit-width soMd plate of equal weight.

(2) The secant modulus of this reduced stress-strain curve at the
calculated elastic buckl@j strain was used as the effective modulus

in the buckling equations. The buckling strain was calculated as
Nxl=

E
times the inverse ratio of axial stiffness of unit-width intewalll.ystif-
fened plate to axial.stiffness of unit-width solid plate of equal weight.

I
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elastic longitudinal compressive buckling loads calculated for .
specimens are plotted as the solid curves in figures 6(a)

and 7(a), and the corresponding elastic shear buckling loads as-the solid
curves in figures 6(b) and 7(b). The correspondingplastic buckling loads
ere plotted as the dashed curves in the ssme figures. The results of the
calculations are slso given in table 1.

For combined longitudinal compression and shear, the buckling loads
(both elastic and plastic) for the test specimens were calculated assuming
a parabolic interaction curve between longitudinal compression and she=
buckling as recommended in reference 12 for built-up square tubes. The
results of these calculations sre plotted as the solid curves (elastic)
and dashed curves (plastic) in figure 8.

For comparisons of the relative effectiveness of the various stif-
fening configurations considered, calculations were also made for the
buckling under combtied stresses of infinitely long, simply supported
integraUy stiffened flat plates hav5hg the nominal specimen dimensions.
These calculations were the seineas those carried out for the finite
length, ftied-ended test specimens except that values of kc smd ks

corresponding to infinite values of
w

~k were used.
W1

The results of these calculations for infinitely long plates are
presented in table 1 and figure 9.

CORRELATIONOF TEEORYAND E2WERIMENT

The test results, tabulated in table 1, -e plotted as the circles
and squares in figures 6 and 7 for simple longitudinal compression or
shear loadings and in figure 8 for combined stresses as welJ.. In the
elastic range, as shown by the general coincidence of solid curves,
dashed curves, @ points, correlation between the calculated curves
and the test points is generally as good as can be expected in view of
the inherently poor dimensional tolerances of sand castings. Beyond the
elastic range (where solid and dashed curves diverge), the test results
correlate well in some cases with the calculated plastic values; in other
cases the correlation is better if no reduction for plasticity is made.
Accordingly, while the calculations of the elastic buckling loads appear
to be confirmed by the data, no confirmation is made of the calculation
of plastic buckl@ 10adS. Evidently h the plastic range variations
in material properties from casting to casting in addition to the varia-
tions in cast dimensions increased the experimental scatter. If, for
example, those specimens which achieved stresses comparable to the cal-
culated elastic values were constructed of material having properties
comparable to the typical handbook values (refs. 7 and 8) for 355-T61 alumi-
nm alloy, they should have buckled elastically, and the stresses which

.
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they achieved would be in confirmation of the calculations. Bucklsg
loads even below those represented by the dashed curves of figures 6, 7,
and 8 might be expected, on the other hand, if the material properties
of some specimens were even lower than those measured and presented in
figure k. Possibly in this category were the three specimens represented
by the square test points in figures 6, 7, and 8, namely the -45° + 45°
specimens having a sldn thickness of 0.075 inch loaded h compression,
and the -30° + 30° + 90° specimen loaded in shear. The buckling loads
for these specimens were substantially below even the calculated plastic -
buckling 10?3dS. However, because joint failure occurred in aU of these
specimens, and only in these specimens (see also ref. 4), improper corner
attachments would appear to be a more probable cause of the reductions
in buckling loads for these spechens than low material properties.

COMPARISONOFEFFECTIVENESSS OF VARIOUSS~

CONFIGURATIONSAS IONG FLAl’PIATES

A comparison of the relative effectiveness of the various stiffening
configurations considered for resisting buckling uuder various combina-
tions of longitudinal compression and shear as long flat plates in the
elastic range is given in figure 9. Here are plotted interaction curves
calculated from equations (1) and (2) as previously described.

me curves of figure 9 indicate that, of the configurations con-
sidered, the -45° + 45° pattern is the most effective for pure longitu-
dinal compression and the -600 + 600 pattern is the most effective for

pure shear. Further, there is evidently little merit in configurations
having angles of skew of the ribbing geater than 600. The effectiveness
of such configurations is smaU.er (even in the elastic range), for all.
combinations of longitudinal compression and shear stress, than for angles
of 600 or less.

Beyond the elastic range, angles of skew greater than 600 would
become relatively even less effective. In fact, clearly the more plastic
the stresses, the more nearly the angles of skew must conform, for greatest
effectiveness, to the angles of prticipal stresses; that is, for longitu-
dinal compression the angles will approach 0°, for shesr the angles wi~
approach 45° (see, for example, the dashed curve of figure 6(b) which
indicates that, for the amount of plastic action allowed for in the cal-
culations associated with the test specimens, the -45° + 45° configura-
tion is approximately as effective as the -600 i-600 configuration).

The 0° + 90° and the -30° + 30° + 90° confi~ations show no out-
standing characteristics in the elastic range (see fig. 9). In the plastic
range, however, the 0° + 90° configuration should become relatively more

------ — —- . . —. -z— ..— —.—— ——— -———— — — ——— —-—- ‘—
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effective in compression, and the -~” + no + 90° configuration should
become relatively more effective in both compression and shesr. Accord-
Wy, as a kind of compromise, the latter pattern may have at least a
limited range of efficient app~cation.

Squsre-pattern ribbing emerges as the mst effective of the patterns
considered for the widest range of loading conditions. Oriented at 45°,
it is the most effective in the elastic range for longitudinal compres-
sion, as it undmibtedly is high in the plastic range for shesr. Rotated
to the 0° + 90° orientation it can be expected to become more effective
high in the plastic range in compression, and, correspondingly,rotated
to the &joO *600 orientation it canbe expected (see ref. 13) to become
more effective in the elastic range for shear (in the latter case, atten-
tion must be paid to the direction of the shear stress in the selection
of the PIUS and minus directions).

CONCLUDING REMARKS

lhcperimentson cast specimens have indicated that available theories -
are adequate for the prediction of elastic buckling of flat plates with
inte~ waffle-like stiffening. Calculations based on the available
theories show that, for the buckling of long flat plates for a wide range U

of loading conditions, integral waffle-like stiffening of the general
proportions considered is most effective in a square pattern. The optf.
mum orientation of the square pattern varies somewhat with the loading
coalitions, but a -450 + 45° orientation has the most universal application.

Because of the coupling actiong associated with one-sidd stiffening,
distortions other than those due to buckling may be of importance for
some applications. Coupling becomes of greater signific~ce as the depth
and thichess of ribbing increases relative to the skin thickness. Par-
ticularly, if conditions of continui~ at the edges of the plate sre not ‘
such as to reduce the coupling distortions, the m.gnitude of these dis.
tortions, determined from the elastic constants of the plate, shouldbe
examined before ribbing relatively deeper or thicker than has been inves-
tigated is used.

Langky Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., October 8, 1953.
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L-806~.l
Figure 1.- Ribbing configurations considered: top row, 0° + ~o, “

-30° + 30° + 90°, 90°, and OO; bottom row, -750 + 750, -150 + 150,
-45°+ 45o, -30°+ 30°, and -60°+ 60°.
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Figure 3.- Arrsmgement for conibined

L-80893
load test.
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Figure 4.- Compression and shesr stress-strain curves for 355-T61 aluminum
alloy as used for test specimens.
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